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,QWURGXFWLRQ
0RGHUQ LPSODQWV DUH SURGXFHG IURP WLWDQLXP DOOR\V VWDLQOHVVVWHHO FREDOWFKURPLXP DOOR\V DQG QREOHPHWDOV
,PSODQWVIURPWLWDQLXPDOOR\VKDYHPDQ\EHQHILWVKLJKVWUHQJWKJRRGIUDFWXUHWRXJKQHVVKLJKFRUURVLRQUHVLVWDQFH
DQG ORZ ZHLJKW 7KH\ DUH QRQIHUURPDJQHWLF FRVWHIILFLHQW QRQWR[LF ELRFRPSDWLEOH ORQJODVWLQJ DQG KDYH
FDSDFLW\IRURVVHRLQWHJUDWLRQ,WVKRXOGEHQRWHGWKDWDFFRUGLQJWRWKHVWDQGDUGVSHFLILFDWLRQVIRUZURXJKW7L$O9
(/, DQG FDVW 7L$O9 DOOR\V IRU VXUJLFDO LPSODQW DSSOLFDWLRQV $670 ) DQG $670 ) WKH
HORQJDWLRQRIWKHPDWHULDOVKRXOGEHDWOHDVW
7KH PHFKDQLFDO SURSHUWLHV RI FRQYHQWLRQDO WZRSKDVH WLWDQLXP DOOR\V OLNH 7L$O9 VWURQJO\ GHSHQG RQ WKH
DPRXQW GLVWULEXWLRQ DQG PRUSKRORJ\ RI WKH SKDVHV 'RQDFKLH  (TXLD[HG PLFURVWUXFWXUHV FRQVLVWLQJ RI
JOREXODU ILQHJUDLQHG ĮSKDVH GLVSHUVHG LQ D ȕSKDVH PDWUL[ KDYH VXSHUSODVWLF FKDUDFWHULVWLFV DQG SURYLGH DQ
RSWLPXP FRPELQDWLRQ RI VWUHQJWK GXFWLOLW\ DQG IDWLJXH UHVLVWDQFH %R\HU HW DO  7L$O9 ZLWK ODPHOODU
VWUXFWXUHVKDVKLJKVWUHQJWKZLWKVRPHGHFUHDVHLQGXFWLOLW\DQGGHPRQVWUDWHVJRRGIUDFWXUHWRXJKQHVV5HILQHPHQW
RIWKHPLFURVWUXFWXUHUHVXOWVLQDKLJKHU\LHOGVWUHVV+RZHYHUDVLWKDVEHHQVKRZQE\6LHQLDZVNLHWDOWKH
LQFUHDVHRI\LHOGVWUHVVLVPRGHUDWHXQOHVVDPDUWHQVLWLFSKDVHLVSUHVHQW&RQWHQWRILQWHUVWLWLDOVDOVRKDVVXEVWDQWLDO
LQIOXHQFHRQGXFWLOLW\DQGVWUHQJWKRI7L$O9$VLWKDVEHHQLQGLFDWHGE\%R\HUHWDODQG'RQDFKLH
DQR[\JHQFRQWHQWKLJKHU WKDQZW OHDGV WRDQ LQFUHDVH LQVWUHQJWKDQGD UHPDUNDEOHGHFUHDVH LQGXFWLOLW\RI
7L$O9DOOR\'HFUHDVHLQR[\JHQDQGQLWURJHQFRQWHQWLPSURYHVWKHGXFWLOLW\IUDFWXUHWRXJKQHVVVWUHVVFRUURVLRQ
UHVLVWDQFHDQGUHVLVWDQFHDJDLQVWFUDFNJURZWK
6HOHFWLYH ODVHUPHOWLQJ 6/0 SURYLGHV DQ H[FHOOHQW RSSRUWXQLW\ WRPDQXIDFWXUH FXVWRP LPSODQWV RI FRPSOH[
VKDSHVZLWKWKHGHVLUHGLQQHUVWUXFWXUHDQGVXUIDFHPRUSKRORJ\0LFURVWUXFWXUHRI6/07L$O9LVIRUPHGDWGLUHFW
UDSLGVROLGLILFDWLRQDQGȕWRĮૼDOSKDSULPHWUDQVIRUPDWLRQDWYHU\KLJKFRROLQJUDWHVDERXW.V7KLVVWDWHLV
IDUDZD\IURPWKHFRQYHQWLRQDOSODVWLFDOO\GHIRUPHGDQGKHDWWUHDWHGPDWHULDO+LJKFRROLQJUDWHVDW6/0UHVXOWLQD
IRUPDWLRQRIWKHDFLFXODUODPHOODUĮૼKH[DJRQDOPDUWHQVLWLFSKDVH7KLVPLFURVWUXFWXUHLVLQKHUHQWO\OHVVGXFWLOHWKDQ
WKH JOREXODU PLFURVWUXFWXUH IRUPHG GXULQJ FRQYHQWLRQDO SURFHVVLQJ .DVSHURYLFK HW DO  $QDO\VLV RI WKH
OLWHUDWXUH VKRZV WKDW DOWKRXJK EDVLFPHFKDQLFDO SURSHUWLHV KDYH EHHQ UHSRUWHGPDQ\ WLPHV WKHUH LV D VXEVWDQWLDO
GHYLDWLRQLQPHFKDQLFDOSURSHUW\GDWD,QWKHDVEXLOW6/0VDPSOHWKHVWUXFWXUHFRQVLVWVRIPDQ\WUDFNVDQGOD\HUV
KDYLQJPHWDOOXUJLFDO FRQWDFWZLWK HDFK RWKHU 7KHUHIRUH WKHPHFKDQLFDO SURSHUWLHV GHSHQG RQ WKHPDQXIDFWXULQJ
VWUDWHJ\WKHLQLWLDOSRZGHUHQHUJ\LQSXWOD\HUWKLFNQHVVDQGRWKHUSDUDPHWHUV
'XH WR KLJK FRROLQJ UDWHV WHQVLOH UHVLGXDO VWUHVVHV JHQHUDWHG GXULQJ 6/0 GHWULPHQWDOO\ DIIHFW WKHPHFKDQLFDO
EHKDYLRURI WKHSDUWV <DGURLWVDYDHWDODQG9UDQFNHQHWDO7RPLQLPL]HDQ\SRVVLEOHGLVWRUWLRQ
6/0REMHFWVDUHVXEMHFWHGWRVWUHVVUHOLHYLQJKHDWWUHDWPHQWEHIRUHVHSDUDWLRQIURPWKHVXEVWUDWH)RUFRQYHQWLRQDO
7L$O9 IXUWKHU KHDW WUHDWPHQWV DUH XVXDOO\ XVHG WR FKDQJH WKH PLFURVWUXFWXUH DQG RSWLPL]H WKH PHFKDQLFDO
SURSHUWLHV)RU6/07L$O9DIWHUPDQ\DWWHPSWVLWKDVEHHQIRXQGFKDOOHQJLQJWRDSSO\KHDWWUHDWPHQWUHJLPHV
XVHG IRU FRQYHQWLRQDO PDWHULDOV GLUHFWO\ 7KLV LV EHFDXVH WKH 6/0 PDWHULDOV KDYH GLIIHUHQW VWUXFWXUH DQG
PHWDOOXUJLFDOKLVWRU\9UDQFNHQHWDO
$ SRVVLELOLW\ WR XVH 6/0 7L$O9 DIWHU PDQXIDFWXULQJ DQG VWUHVV UHOLHYH LI UHTXLUHPHQWV WR GXFWLOLW\ DUH
IXOILOOHG ZRXOG WKHUHIRUH EH DGYDQWDJHRXV 7KXV GHHSHU XQGHUVWDQGLQJ RI WKH PLFURVWUXFWXUH DQG PHFKDQLVPV
JRYHUQLQJWKHPHFKDQLFDOSHUIRUPDQFHRIWKHPDWHULDOLQWKHDVEXLOWDQGVWUHVVUHOLHYHGFRQGLWLRQVLVQHFHVVDU\7KLV
LQYHVWLJDWLRQLVGHGLFDWHGWRFKDUDFWHUL]DWLRQRIPLFURVWUXFWXUHSRURVLW\DQGSURSHUWLHVRI6/07L$O9LQDVEXLOW
DQGVWUHVVUHOLHYHGFRQGLWLRQV$VSHFLDOIRFXVZDVSDLGRQSRURVLW\DQGLWVGHYHORSPHQWDIWHUSUHWHQVLRQWRH[SODLQ
WKH REVHUYHG IDLOXUH PHFKDQLVPV 'HHSHU XQGHUVWDQGLQJV RI PLFURVWUXFWXUDO FKDQJHV DIWHU VWUHVV UHOLHYH LQ VLWX
WZLQQLQJDQGLWVLQIOXHQFHRQPHFKDQLFDOSURSHUWLHVLVSUHVHQWHG7KHQHZNQRZOHGJHRQPLFURVWUXFWXUHSURSHUWLHV
KHDW WUHDWPHQW UHODWLRQVKLS LV LPSRUWDQW WRILQGSRVVLEOH LQGXVWULDODSSOLFDWLRQVRI6/07L$O9DIWHUVWUHVVUHOLHI
WUHDWPHQWDQGQHFHVVDU\IRUWKHIXWXUHGHYHORSPHQWRIQHZUHJLPHVRIKHDWWUHDWPHQWVRI6/07L$O9
0DWHULDOVDQGPHWKRG
7L$O9 ([WUD /RZ ,QWHUVWLWLDO DOOR\ (/, SRZGHUZDV SURYLGHG E\ 7/67HFKQLN*PE+$FFRUGLQJ WR WKH
PDQXIDFWXULQJVSHFLILFDWLRQWKHSDUWLFOHVL]HZDVd10ȝPd50ȝPd90ȝPZHLJKWHGE\YROXPH
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7KHSRZGHUKDGDVSKHULFDOPRUSKRORJ\W\SLFDOIRUJDVDWRPL]DWLRQSURFHVV%HIRUHPDQXIDFWXULQJWKHSRZGHUZDV
GULHGDW&IRUKRXUV
+RUL]RQWDO VDPSOHVZHUHSURGXFHGE\ WKH(26,170PDFKLQH (26*PE+HTXLSSHGZLWKDQ<WWHUELXP
ILEHUODVHURSHUDWLQJDWQPZDYHOHQJWK,3*3KRWRQLFV&RUS7KHODVHUEHDPKDGD7(0*DXVVLDQSURILOH
DQG ȝP VSRW GLDPHWHU ,Q DFFRUGDQFHZLWK VWDQGDUG SURFHVV SDUDPHWHUV IRU D 7L$O9 DOOR\ D SRZGHU OD\HU
WKLFNQHVVRIȝPDQGDEDFNDQGIRUWK]LJ]DJVFDQQLQJE\VWULSVZLWKWKHKDWFKGLVWDQFHRIȝPZDVDSSOLHG
7KH VXEVWUDWH DQG SRZGHU PDWHULDO ZDV VLPLODU LQ FKHPLFDO FRPSRVLWLRQ $UJRQ ZDV XVHG DV WKH SURWHFWLYH
DWPRVSKHUHWKHR[\JHQOHYHOLQWKHFKDPEHUZDV±
6FDQQLQJ HOHFWURQPLFURVFRS\ 6(0ZDV FDUULHG RXWZLWK/(2)(*6(0DQG DQDO\WLFDO 6(0+LWDFKL
68ERWKRSHUDWHGDWN97UDQVPLVVLRQHOHFWURQPLFURVFRS\7(0ZDVGRQHZLWK-(2/-(0HTXLSSHG
ZLWKD/D%FDWKRGHDQG-(0&;
5RXQGPHWDO VSHFLPHQVZLWK WKUHDGHGHQGVZHUHPDFKLQHGIURP6/0UHFWDQJXODUEDUVZLWKPPLQKHLJKW
PP±ZLGWKDQGOHQJWKRIPPDFFRUGLQJWR$670(0JDXJHOHQJWKIRXUWLPHVWKHGLDPHWHU6SHFLPHQ
7HQVLOHWHVWVZHUHSHUIRUPHGZLWKDQ,QVWURQVHUYRK\GUDXOLFWHVWLQJPDFKLQHZLWKFOLSRQH[WHQVRPHWHUXQGHU
FRQVWDQWVWUDLQUDWHRIPPPLQ
+HDWWUHDWPHQWIRUVWUHVVUHOLHYLQJZDVGRQHLQ$UDWPRVSKHUHDW&IRUKRXUV6DPSOHVZHUHVXEMHFWHGWR
;UD\ PLFUR FRPSXWHG WRPRJUDSK\ 0LFUR&7 EHIRUH DQG DIWHU VWUHVV UHOLHYLQJ DQG WHQVLOH WHVWV 'XH WR WKH
SRWHQWLDOIRULPSURYHGLPDJHFRQWUDVWWKH0LFUR&7VFDQVZHUHGRQHDWȝPUHVROXWLRQ0LFUR&7VFDQVZHUHGRQH
ZLWK D*HQHUDO(OHFWULF3KRHQL[9_7RPH_;/ V\VWHPDW N9DQGȝ$$OO DQDO\VHV UHSRUWHGKHUHZHUH
GRQH ZLWK 9ROXPH *UDSKLFV 9*6WXGLR0D[  LQFOXGLQJ WKH GHIHFW DQDO\VLV PRGXOH DQG WKH QRPLQDODFWXDO
FRPSDULVRQPRGXOH'LPDJHSURFHVVLQJZDVGRQHXVLQJVHOHFWLRQDQGPRUSKRORJLFDO LPDJHRSHUDWLRQVWRVHOHFW
WKHVDPSOHVXEVXUIDFHE\YR[HOVLQRUGHUWRHOLPLQDWHDQ\HGJHQRLVHHIIHFWV7KHUHIRUHDQ\YRLGVWRXFKLQJWKH
VDPSOHHGJHZRXOGQRWEHLQFOXGHGLQWKHDQDO\VLVXSWRYR[HOVP
5HVXOWVDQGGLVFXVVLRQ
3.1. Mechanical properties and porosity  
7DEOH VXPPDUL]HV UHVXOWV RQPHFKDQLFDO SURSHUWLHV RI6/07L$O9 VSHFLPHQVPDQXIDFWXUHG LQKRUL]RQWDO
RULHQWDWLRQ)RU7L$O9DOOR\GDWDREWDLQHGLQWKHSUHVHQWLQYHVWLJDWLRQDQGOLWHUDWXUHGDWDDUHLQDJRRGDJUHHPHQW
DOWKRXJKVRPHGHYLDWLRQZDVREVHUYHG7KHXOWLPDWHWHQVLOHVWUHQJWK876SXEOLVKHGLQWKHOLWHUDWXUHYDULHGIURP
WR03DDQGWKHDYHUDJH\LHOGVWUHQJWK<6IURPWR03D$FRPSDULVRQRIUHVXOWVRIWHQVLOH
PHFKDQLFDOSURSHUWLHVVKRZHGWKDWGLIIHUHQW ODVHUSRZHUGHQVLWLHVWKHUDWLRRI ODVHUSRZHUWRVSRWDUHDIURPWR
N:PPGLIIHUHQWVFDQQLQJVSHHGVDQGVFDQQLQJVWUDWHJLHVOHDGWRTXLWHVLPLODU<6DQG876FKDUDFWHULVWLFVRI
6/07L$O9(/,ZLWKZLWKRXWSUHKHDWLQJ7DEOH
$FFRUGLQJO\WRVWDQGDUGVIRUPHGLFDODSSOLFDWLRQVGXFWLOLW\SURSHUWLHVDOVRKDYHWREHKLJKDQGWKHUHGXFWLRQLQ
DUHDPXVWEHRUKLJKHUDQGHORQJDWLRQKLJKHUWKDQ$670)DQG$670)*HQHUDOO\
DGHYLDWLRQDPRQJWKHPHDVXUHGHORQJDWLRQUHVXOWVLVTXLWHVLJQLILFDQW7DEOH7KHH[SHULPHQWDOO\REVHUYHGLQWKLV
VWXG\ YDOXHV RI DUHD UHGXFWLRQZHUH  IRU DVEXLOW DQG  LQ VWUHVV UHOLHYHG VSHFLPHQ 7KH
DYHUDJHPHDVXUHGHORQJDWLRQZDVIRUDVEXLOWDQGIRU6/07L$O9(/,DIWHUVWUHVVUHOLHI
7KHVHYDOXHVDUHTXLWHKLJKFRPSDUHGWRWKHRWKHUUHVXOWVVXPPDUL]HGLQ7DEOH
,W KDV EHHQ VKRZQ WKDW WKH GXFWLOLW\ RI 7L$O9 LV YHU\ VHQVLWLYH WR LQWHUVWLWLDO FRQWHQW 0LXUD HW DO 
'XFWLOLW\RI307L$O9VDPSOHVUHGXFHGGUDPDWLFDOO\DWR[\JHQFRQWHQWVJUHDWHUWKDQZWDVVKRZQE\;X
HW DO  ,Q WKH SUHVHQW LQYHVWLJDWLRQVPDQXIDFWXULQJXQGHU FRQWUROOHG R[\JHQ FRQWHQWZDVGRQH ZW
R[\JHQ DQG ZWQLWURJHQZHUHPHDVXUHG LQ WKH LQYHVWLJDWHG VSHFLPHQVZKLFK LV VOLJKWO\ KLJKHU WKDQ WKH
QRPLQDOFRQWHQWRILQWHUVWLWLDOVLQWKHSRZGHU7KHGHYLDWLRQLQGXFWLOLW\GDWDSUHVHQWHGLQ7DEOHFRXOGEHDUHVXOW
RIGLIIHUHQWFRQWHQWRILQWHUVWLWLDOVLQWKHVSHFLPHQV
3RURVLW\DOVRKDVDFUXFLDOLPSDFWRQWKHILQDOPDWHULDOSURSHUWLHVDQGSHUIRUPDQFH)RUVDPSOHVPDQXIDFWXUHGLQ
KRUL]RQWDO GLUHFWLRQ WKH WHQVLRQ ORDG LV DSSOLHG SHUSHQGLFXODUO\ WR WKH EXLOGLQJ GLUHFWLRQ 7KHQ D ODFN RI IXVLRQ
EHWZHHQWUDFNVDQGRUVWULSHVDQGRULVODQGVFDQEHFULWLFDOLQWHUPVRIGXFWLOLW\
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5HFHQWO\DFRPSXWHGWRPRJUDSK\PHWKRGZDVHIILFLHQWO\XVHGIRUDQDO\VLVRISRURVLW\LQ6/0VWDLQOHVVVWHHO
=LRONRZVNLHWDO6/07L$O967DPPDV:LOOLDPVHWDOFDVW7L$O9GX3OHVVLVHWDO
DQG DOXPLQXP DOOR\ , 0DVNHU\ HW DO  1HYHUWKHOHVV WR FDUU\ RXW D V\VWHPDWLF DQDO\VLV RI LQIOXHQFH RI
VHOHFWLYHODVHUPHOWLQJSDUDPHWHUVRQSRURVLW\FKDUDFWHULVWLFVPRUHH[SHULPHQWDOGDWDLVUHTXLUHG

)LJD3&$OHQJWKRIWKHSRUHVLQDVEXLOWDQGVWUHVVUHOLHYHGVDPSOHVEJUDSKLFDOUHFRQVWUXFWLRQRIWKHW\SLFDOSRUHVLQDVEXLOWDQGFLQ
VWUHVVUHOLHYHGVDPSOHV$UURZFRUUHVSRQGVWREXLOGLQJGLUHFWLRQ
7DEOH0HFKDQLFDOSURSHUWLHVRI7L$O9VDPSOHVSURGXFHGE\6/0



















7HQVLOHSURSHUWLHVIRUKRUL]RQWDODVEXLOWPDWHULDOIRUSUHVHQWVWXG\GDWDLVLQGLFDWHGIRUDVEXLOWDQGVWUHVVUHOLHYHGVDPSOHV
6LJQLILFDQWGLIIHUHQFHVt-test, p<0.05

$OO VDPSOHV LQYHVWLJDWHG LQ SUHVHQW ZRUN ZHUH SURGXFHG WR PLQLPL]H SRURVLW\ LH ZLWK RSWLPDO SURFHVV
SDUDPHWHUV 7KH 0LFUR&7 VFDQV DQDO\VLV FDUULHG RXW LQ WKLV LQYHVWLJDWLRQ VKRZHG WKDW DVEXLOW 6/0 DQG VWUHVV
UHOLHYHGVDPSOHVERWKKDGORZOHYHOVRISRURVLW\WKHHVWLPDWHGSRURVLWLHVZHUHDQGUHVSHFWLYHO\
 'HQVLW\ 87603D <603D (*3D ɂI
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     
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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 r r r r
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r rη 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7RWDOO\SRUHVZHUHGHWHFWHG LQ WKHDVEXLOW VSHFLPHQ DQGSRUHVZHUHREVHUYHG LQ WKH VWUHVV UHOLHYHGRQH
DOWKRXJK WKH WRWDO SRUH YROXPH ZDV IRXQG VLPLODU LQ ERWK 7KH SRUHV ZHUH UDQGRPO\ GLVWULEXWHG WKURXJKRXW WKH
VDPSOHV7KHELJJHVWGHWHFWHGSRUHZDVIRXQGLQWKHVWUHVVUHOLHYHGVDPSOHDQGKDGD3&$3ULQFLSDO&RPSRQHQW
$QDO\VLVOHQJWKRIP0RVWSRUHVKDGDQHORQJDWHGVKDSHWKHDYHUDJHHORQJDWLRQIRUWKHDVEXLOWVDPSOHZDV
ȝPDQGȝPIRUWKHVWUHVVUHOLHYHGRQH)LJ

)LJ)UDFWXUHGVXUIDFHDFXSDQGFRQHEGLPSOHVFDQGGTXDVLFOHDYDJHIDFHWVLQDVEXLOW6/07L$O9
3.2. Tensile fracture mechanisms 
7KH IUDFWXUH VXUIDFHV DIWHU WHQVLOH WHVWV RI VSHFLPHQV LQ DVEXLOW DQG VWUHVV UHOLHYHG FRQGLWLRQV DUH VLPLODU LQ
DSSHDUDQFH7\SLFDOO\IRUGXFWLOHIUDFWXUHDFXSDQGFRQHVKDSHRI WKHQHFNLQJUHJLRQZDVREVHUYHG7KHFHQWUDO
DUHDFRPPRQO\GHVFULEHGDVDUHJLRQRIILEURXVIUDFWXUHZDVFOHDUO\GLVWLQJXLVKHGDSDUWIURPWKHVKHDUOLSVRQWKH
SHULSKHU\)LJD7KHIUDFWXUHGVXUIDFHLQWKHILEURXV]RQHLVTXLWHLUUHJXODUQRWKRUL]RQWDO(OHFWURQPLFURVFRS\
DQDO\VLVUHYHDOHGDIRUPDWLRQRIGLPSOHVVXJJHVWLQJGLPSOHUXSWXUHIUDFWXUHLQWKHILEURXV]RQH)LJE2QWKH
VXUIDFHRIVKHDUOHDSVVKDOORZGLPSOHVVOLJKWO\HORQJDWHGLQWKHGHIRUPDWLRQGLUHFWLRQZHUHDOVRYLVLEOH
7KHPHFKDQLVPVRIGXFWLOHIUDFWXUHDQGWKHIRUPDWLRQRIDFXSDQGFRQHVKDSHLQWKHQHFNLQJUHJLRQDUHXVXDOO\
DVVRFLDWHGZLWKSRUHFRDOHVFHQFH$OWKRXJKWKHGLPSOHUXSWXUHZDVGRPLQDWLQJVRPHTXDVLFOHDYDJHIDFHWVIHDWXUHV
RI ERWK GXFWLOH DQG EULWWOH NLQG ZHUH REVHUYHG )LJV F DQG G +LJKPDJQLILFDWLRQ DQDO\VLV VKRZHG WKDW
PDUWHQVLWHQHHGOHV DUHRIWHQYLVLEOHRQ WKHTXDVLFOHDYDJH VXUIDFHV7KHUHIRUH LW LVSRVVLEOH WRFRQILUP WKDW WKHVH
UHJLRQVDUHIRUPHGZKHQWKHFUDFNSURSDJDWHVDORQJDPDUWHQVLWHFRORQ\:KHQWKHFUDFNUHDFKHVDSULPDU\ȕJUDLQ
ERXQGDU\)LJGRUDIXVLRQERXQGDU\)LJFWKHJURZWKGLUHFWLRQLVFKDQJHG7KHLQWHUIDFHWKHUHIRUHDFWV
DVDFUDFNGHIOHFWRUSUHYHQWLQJTXLFNIDLOXUH7KLVFRQFOXVLRQLVLQDJUHHPHQWZLWKUHVXOWVSUHVHQWHGE\:HQHWDO

D E
F G
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ED
7KHSUHVHQFHRILQLWLDOSRURVLW\LQWKH6/0VSHFLPHQVDQGDOVRLWVGHYHORSPHQWXQGHUWHQVLRQFRXOGDOVRH[SODLQ
WKHLUUHJXODUVXUIDFHRIWKHILEURXV]RQH$KLJKO\LUUHJXODUIUDFWXUHVXUIDFHLPSOLHVLQWHQVLYHFUDFNGHIOHFWLRQGXULQJ
WHQVLRQ LH ZKHQ WKH SRUHV DQG WKH PLFURYRLGV FRDOHVFHG WKH\ IRUPHG QRW RQO\ KRUL]RQWDO EXW DOVR LQFOLQHG
VXUIDFHV7KLVUHVXOWVLQWKHIRUPDWLRQRIWKHTXLWHLUUHJXODUILQDOVXUIDFHREVHUYHGLQWKHILEURXV]RQH$QDGGLWLRQDO
UHDVRQIRUWKHLUUHJXODULW\RIWKHIUDFWXUHVXUIDFHFRXOGEHUHVLGXDOVWUHVVHVORFDOO\DIIHFWLQJFUDFNSURSDJDWLRQ6LQFH
WKHVDPHNLQGRILUUHJXODUIUDFWXUHVXUIDFHZDVREVHUYHGLQERWKDVEXLOWDQGVWUHVVUHOLHYHGVSHFLPHQVWKLVFDQQRW
EHWKHFDVHKHUH
3.3. Necking and development of pores under tension 
,QRUGHUWRYLVXDOL]HDQGTXDQWLI\WKHQHFNLQJHIIHFWRQWKHWHQVLOHVDPSOHVDQGHVWLPDWHWKHUHGXFWLRQLQDUHDWKH
0LFUR&7ZDVXVHG LQ WKLVVWXG\7KHGDWDZDVREWDLQHGDFFRUGLQJ WRDVSHFLDOSURFHGXUH LQZKLFKPHDVXUHGDQG
UHFRQVWUXFWHGVXUIDFHZDVFRPSDUHGZLWKDQLGHDOF\OLQGHUUHIHUHQFHILWWLQJWKHRXWHUVXUIDFHRIWKHLQLWLDOVDPSOH,Q
WKLVZD\WKHFRORUFRGHGYDULDQFHVKRZVFOHDUO\WKHQHFNLQJZKHUHUHGVKRZVWKHODUJHVWYDULDQFH)LJ,WLVVHHQ
WKDWYROXPHLQYROYHGLQDIRUPDWLRQRIWKHQHFNGLIIHUVLQDVEXLOWDQGVWUHVVUHOLHYHG6/07L$O9,WFRXOGEHGXH
WRKLJKUHVLGXDOVWUHVVHVUHVXOWHGGLIIHUHQWSRUHEHKDYLRUDQGPRUHSURQRXQFHGORFDOL]DWLRQRIGHIRUPDWLRQLQWKHDV
EXLOWVSHFLPHQ

)LJ1HFNLQJFUHDWLRQIRUDSUHVWUDLQHGDVEXLOWVDPSOHEKHDWWUHDWHGVDPSOH
'HYHORSPHQWRISRURVLW\XQGHUGHIRUPDWLRQLVHVVHQWLDOQHZNQRZOHGJHDLPHGWRXQGHUVWDQGIDLOXUHPHFKDQLVPV
DQGHYDOXDWHWKHGHWHULRUDWLQJHIIHFWRISRURVLW\RQWKHILQDOWHQVLOHSURSHUWLHV)RUWKHDQDO\VLVRISRUHGHIRUPDWLRQ
XQGHU ORDG WKHFRPSXWHG WRPRJUDSK\PHWKRGZDVDSSOLHG7KLVPHWKRGKDVVXFFHVVIXOO\EHHQSUHYLRXVO\XVHG LQ
ERWKLQVLWXDQGH[VLWXVHWXSV%XIILHUUHHWDO9HU\UHFHQWO\DVWXG\RIKLJKUHVROXWLRQ;UD\WRPRJUDSK\RI
SRURVLW\ DQG D VKDSH RI WKH QHFNLQJ UHJLRQ RI PLFUR WHQVLOH VDPSOHV ZDV UHSRUWHG E\ %HQRLW HW DO  IRU
FRPPHUFLDOO\SXUHWLWDQLXPDQGE\7HU]LHWDOIRUDQDOXPLQXPDOOR\ERWKPDQXIDFWXUHGLQFRQYHQWLRQDOZD\
,Q WKHFXUUHQWZRUN WKHH[ VLWXFKDQJHV LQQHFNLQJ VKDSHDQGSRURVLW\ LQ VWDQGDUG WHQVLOH VDPSOHVRIPP LQ
GLDPHWHUZHUHDQDO\]HG7KHDQDO\VLVRISRURVLW\FKDQJHVLVQHZIRUWKLVPDWHULDODQGIRUWKLVVL]HRIVDPSOH
,QWKLVLQYHVWLJDWLRQWRREVHUYHWKHHYROXWLRQRISRURVLW\WKHGHYHORSPHQWRISRUHVL]HDQGPRUSKRORJ\DQGWKH
LQIOXHQFH RI WKHVH SDUDPHWHUV RQ PHFKDQLFDO EHKDYLRU VHYHUDO DVEXLOW DQG VWUHVV UHOLHYHG VSHFLPHQV ZHUH SUH
VWUDLQHGWRDQGUHVSHFWLYHO\$VWKHPDWHULDOZDVVWUDLQHGSRUHFRDUVHQLQJZDVFOHDUO\SURQRXQFHGDQG
ZDV GRPLQDWLQJ LQ WKH QHFNLQJ DUHD )LJ  7KH FRDOHVFHQFH DQG JURZWK RI SRUHV VWDUWHG LQ VHYHUDO GLIIHUHQW
ORFDWLRQV RI WKH VSHFLPHQ $ FRPSDULVRQ RI SRUHV EHIRUH DQG DIWHU SUHVWUDLQ )LJV  DQG  FOHDUO\ VKRZV WKDW
PRUSKRORJ\RIWKHSRUHVDQGWKHLUVL]HZHUHVXEVWDQWLDOO\FKDQJHG,QWKHSUHVWUDLQHGDVEXLOWVSHFLPHQSRUHVDUH
FRDUVHUDQGORRNYHU\PXFKDVDJJORPHUDWHVRIVHYHUDOUHODWLYHO\URXQGSRUHV7KHSRUHVZHUHLQWHUFRQQHFWHGZLWK
TXLWHWKLQFKDQQHOVSRVVLEOHFUDFNV,QWKHVWUHVVUHOLHYHGVSHFLPHQVLPLODUWUHQGZDVREVHUYHGDOWKRXJKWKHFUDFN
UHJLRQVZHUHQRWVRREYLRXVO\SURQRXQFHG7KHVHREVHUYDWLRQVWRJHWKHUZLWKIUDFWXUHVXUIDFHDQDO\VLVFRQILUPWKDW
SRUHJURZWKDQGFRDOHVFHQFHLVWKHPDLQFUDFNIRUPDWLRQPHFKDQLVP
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7KHVHREVHUYDWLRQVFDQDOVRH[SODLQWKHELJGHYLDWLRQDPRQJWKHH[SHULPHQWDOO\REVHUYHGYDOXHVRIHORQJDWLRQLQ
WKHDVEXLOW6/07L$O9PDWHULDO7DEOH,I LQLWLDOSRURVLW\ LVKLJKHURUSRUHVDUHFRDUVHU WKHSRUHVJURZDQG
FRDOHVFHHDVLHU7KLVUHVXOWVLQIDVWHUIRUPDWLRQRIWKHFUDFNDQGILQDOIDLOXUH7KHUHIRUHWKHGLIIHUHQFHLQWKHLQLWLDO
SRURVLW\ DQG SRUH PRUSKRORJ\ FRXOG UHPDUNDEO\ LQIOXHQFH WKH GHYLDWLRQ LQ WKH ILQDO H[SHULPHQWDOO\ REVHUYHG
HORQJDWLRQ,WLVVWLOOXQFOHDUZKHWKHUQXFOHDWLRQRIQHZSRUHVRUJURZWKRUFRDOHVFHQFHRIH[LVWLQJSRUHVGRPLQDWHV
WKHIDLOXUHEHKDYLRU7KHUHIRUHIXUWKHUGHYHORSPHQWRIWKLVDSSURDFKLQFOXGLQJLQVLWXFRPSXWHGWRPRJUDSK\GXULQJ
GHIRUPDWLRQLVUHTXLUHG



)LJ(YROXWLRQRIWKHSRUHVLQDVEXLOWDFDQGVWUHVVUHOLHYHGEGVDPSOHVDORQJWHQVLRQGLUHFWLRQ
3.4. Microstructure 
$W6/0PDWHULDOVROLGLILHVZLWKKLJKFRROLQJUDWHVZKLFKUHVXOWV LQIRUPDWLRQRIPHWDVWDEOHVWUXFWXUHV,Q WKH
FDVH RI 7L$O9 WKH PLFURVWUXFWXUH DIWHU PDQXIDFWXULQJ W\SLFDOO\ FRQVLVWV RI Įૼ PDUWHQVLWH 6ROLGLILFDWLRQ RI
7L$O9VWDUWVIURPFU\VWDOOL]DWLRQRIFXELFȕSKDVHIURPWKHOLTXLG&RPPRQO\FXELFSKDVHLVFU\VWDOOL]HGZLWKD
SUHIHUHQWLDO FU\VWDOORJUDSKLF GLUHFWLRQ ! $FFRUGLQJO\ WR =KDR HW DO  DQG0XUU HW DO  IXUWKHU
FRROLQJOHDGVWRDWUDQVIRUPDWLRQRIESKDVHWRĮૼDWKLJKFRROLQJUDWHV6/0RUĮȕDWORZHUFRROLQJUDWHV(%0
,QERWKFDVHVWKHQHZO\IRUPHGKH[DJRQDOĮSKDVHKDVDFU\VWDOORJUDSKLFRULHQWDWLRQUHODWLRQVKLSZLWKSDUHQWDOE
bcc__hcpDQGࡄ!bcc__ࡄ!hcp 
7KLV W\SH RI FU\VWDOOL]DWLRQ WH[WXUH KDV EHHQ FRQILUPHG E\ UHFRQVWUXFWLRQ RI FU\VWDOORJUDSKLF WH[WXUH LQ DV
VROLGLILHG6/0DQG(%07L$O9E\(%6'$OWKRXJKESKDVHVKRZHGFROXPQDUJURZWKZLWKKLJKO\SURQRXQFHG
WH[WXUH!WKHWH[WXUHRIĮૼZDVTXLWHZHDN,WKDVEHHQH[SODLQHGE\DKLJKQXPEHURIYDULDQWVWKDWSUHFLSLWDWH
ZLWKLQHDFKSULRUEJUDLQ6LPRQHOOLHWDO*HQHUDOO\LQQHUUHJLRQVRIWKH6/0REMHFWKHDWXSDQGFRROGRZQ
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F\FOLFDOO\GXULQJPDQXIDFWXULQJ,WFDQUHVXOWLQLQLWLDWLRQRIGLIIXVLRQDOSURFHVVHVDQGLQVLWXGHFRPSRVLWLRQRIQRQ
HTXLOLEULXPSKDVHV7KHVHSURFHVVHVZHUHUHSRUWHGIRULQVWDQFHE\;XHWDODQG.UDNKPDOHYHWDO
+HDWWUHDWPHQWLQWKHĮȕUHJLRQDOVRFRXOGOHDGWRGHFRPSRVLWLRQRIWKHPDUWHQVLWH6DOOLFD/HYDHWDODQG
6LPRQHOOLHWDOUHSRUWHGWKDWGHFRPSRVLWLRQRIPDUWHQVLWHVWDUWHGGXULQJVWUHVVUHOLHYHWUHDWPHQW


)LJ0LFURVWUXFWXUHRI6/07L$O9(/,DRSWLFDOPLFURVFRS\FROXPQDUSULRUEJUDLQVRULHQWHGYHUWLFDOO\DORQJEXLOGLQJGLUHFWLRQE
7(0LPDJHVRIWKHPLFURVWUXFWXUHDIWHUKHDWWUHDWPHQWĮૼUHJLRQVZLWKWKLQWZLQV5LQJ6$('SDWWHUQWDNHQZLWKODUJHDSHUWXUHFRQWDLQHGRQO\Įૼ
UHIOH[HV
,Q WKH SUHVHQW UHVHDUFK LQYHVWLJDWLRQV RI VSHFLPHQV LQ DVEXLOW DQG VWUHVV UHOLHYHG VWDWHV REVHUYHG D IXOO\
PDUWHQVLWLFWZLQQLQJVWUXFWXUH%\;5'DQG7(0QRȕEHWDSKDVHZDVGHWHFWHGQHLWKHULQDVEXLOWQRULQVWUHVV
UHOLHYHGFRQGLWLRQV7KLVLQGLFDWHVWKDWȕSKDVHLILWH[LVWVLQWKHPDWHULDOLVYHU\ILQHDQGRULVSUHVHQWLQDPRXQWV
EHORZWKHGHWHFWLRQOLPLWVRIWKHXVHGPHWKRGV9HU\ILQHDFLFXODUĮૼPDUWHQVLWHZDVDOVRYLVLEOHLQVLGHRIWKHJUDLQ
RI SULRU ȕ SKDVH )LJ  E ,W LV NQRZQ WKDW FRPSDUHG WR Į DOSKD ODPHOODH Įૼ KDV VOLJKWO\ GLIIHUHQW ODWWLFH
SDUDPHWHUVKLJKHUYDQDGLXPFRQWHQWDQGFRPPRQO\VKRZVKLJKHUGLVORFDWLRQGHQVLW\VRPHWLPHVWZLQV6LPRQHOOL
HWDO
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D
GF
E
)LJ7(0VWUXFWXUH7L$O9DIWHU6/0LQLWLDOWZLQVRIhcpSKDVHDWKHEULJKWILHOGLPDJHEFWKHGDUNILHOGLPDJHVLQUHIOH[HVRI
ࡄmEDQGࡄࡄtFG6$('SDWWHUQWRDF]RQHD[LV>ࡄ@m>@t
6LQFHWKHFULWLFDOUHVROYHGVKHDUVWUHVVIRUDFWLYDWLRQRIa!EDVDOVOLSLVORZHUFRPSDUHGWRRWKHUVOLSV\VWHPV
WZLQQLQJ LVQRW WKHGRPLQDWLQJGHIRUPDWLRQPHFKDQLVP LQFRQYHQWLRQDO7L$O9=DHIIHUHU ,QKH[DJRQDO
PHWDOV^ࡄ`ࡄ!DQG^ࡄ`ࡄࡄ! WHQVLOHDQG^ࡄ`ࡄࡄ!DQG^ࡄ`ࡄࡄ!FRPSUHVVLRQ
WZLQVZHUHFRPPRQO\REVHUYHG%ULWWRQHWDO
,Q7L$O9PDQXIDFWXUHGE\DGGLWLYHPDQXIDFWXULQJPHWKRGV WZLQQLQJKDVEHHQREVHUYHGE\6LPRQHOOL HW DO
.RLNHHWDODQG0XUUHWDO1HYHUWKHOHVVDGHWDLOHGH[DPLQDWLRQDQGLQGH[LQJRIWZLQQLQJLQ
ĮૼPDUWHQVLWHLQ6/07L$O9KDVQRWEHHQSUHVHQWHG,QWKLVLQYHVWLJDWLRQWKHW\SHRIWZLQQLQJSODQHVLQWKH6/0
7L$O9ZDVH[SHULPHQWDOO\GHWHUPLQHGE\7(0%DVHGRQWKHVHOHFWLYHDUHDHOHFWURQGLIIUDFWLRQ6$('GDWDDOO
REVHUYHGWZLQVZHUHRIWKHVDPHW\SHDQGWKH\ZHUHLGHQWLILHGDV^ࡄ`WZLQV7KLVW\SHRIWZLQVLQhcpPDWHULDOV
LVUHSRUWHGDVWHQVLOHWZLQV,QDVEXLOWVSHFLPHQVWKHĮૼPDUWHQVLWHDSSHDUVDVUHODWLYHO\ORQJDQGQDUURZWZLQODWKV
FKDUDFWHUL]HG E\ KLJK GLVORFDWLRQ GHQVLW\ 6$('SDWWHUQV WDNHQ IURP VXFK WZLQ UHJLRQV UHYHDO D KLJK GHQVLW\ RI
IULQJHVDQGVWUHDNVLQGLFDWLQJWKHSRVVLEOHSUHVHQFHRIPXOWLSOHVWDFNLQJIDXOWV7KHZLGWKRIWKHVHWZLQVZDVLQWKH
UDQJH RI QP )LJ  7KH PLFURVWUXFWXUH RI WKH VSHFLPHQ DIWHU KHDW WUHDWPHQW ZDV IRXQG VLPLODU WR WKH
PLFURVWUXFWXUHRIDVEXLOWRQH7KHPDUWHQVLWLFĮૼSKDVHDOVRFRQWDLQHGWKHhcpWZLQVZLWKDZLGWKRIWKHWZLQVDERXW
QP
'HILQLWLRQ RI WZLQQLQJ SODQH DV ^ࡄ` WHQVLOH WZLQQLQJ LQ WKH DVEXLOW PDWHULDO ZKLFK KDV QHYHU EHHQ
FRQYHQWLRQDOO\ SODVWLFDOO\ GHIRUPHG LV D QHZ DQG LQWHUHVWLQJ UHVXOW 7KLV SKHQRPHQRQ FRXOG EH H[SODLQHG LI D
WKHUPRPHFKDQLFDO KLVWRU\ RI WKH6/0PDWHULDO LV WDNHQ LQWR DFFRXQW'XULQJPDQXIDFWXULQJ VXUIDFH KHDWLQJ DQG
FRROLQJDIIHFWWKHLQQHUUHJLRQVRIWKHVSHFLPHQ'XHWRKLJKKHDWLQJDQGFRROLQJUDWHVWKHUPDOJUDGLHQWVDUHKLJK
DQG WKHUHIRUH WKHUPDO VWUHVVHV DOVR FDQ UHDFK TXLWH KLJK YDOXHV ,W FRPPRQO\ UHVXOWHG LQ KLJK WHQVLOH UHVLGXDO
VWUHVVHVREVHUYHGRQWKHWRSDQGLQWKHYROXPHRIWKHODVHUPDQXIDFWXUHGREMHFWV<DGURLWVDYDHWDO$W6/0
KLJKWKHUPDOVWUHVVHVF\FOLFDOO\DFWRQWKHLQQHUUHJLRQVUHTXLULQJDFWLYDWLRQRIVWUHVVDFFRPPRGDWLRQPHFKDQLVPV
7KH REVHUYHG WZLQQLQJ WKHUHIRUH LV VXJJHVWHG DV D SRVVLEOH PHFKDQLVP IRU DFFRPPRGDWLRQ RI F\FOLF
WKHUPRPHFKDQLFDO VWUHVVHV GXULQJ PDQXIDFWXULQJ 7KH REVHUYHG ^ࡄ` WZLQQLQJ LV FODVVLILHG DV WHQVLOH DQG LW
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UHVXOWV LQ  VWUDLQ LQ WKH ! GLUHFWLRQ LQ KH[DJRQDO FORVH SDFNHG VWUXFWXUH 1HYHUWKHOHVV DGGLWLRQDO
DQDO\VLVDUHUHTXLUHGWRFRQILUPWHQVLOHWZLQQLQJDVDQLQVLWXVWUHVVDFFRPPRGDWLRQPHFKDQLVP
&RQFOXVLRQV
0LFURVWUXFWXUDO DQDO\VLV VKRZHG WKDW IXOO\ PDUWHQVLWLF ĮૼVWUXFWXUH ZLWK KLJK GLVORFDWLRQ GHQVLW\ DQG VWDFNLQJ
IDXOWVZDVW\SLFDOLQERWKWKHDVEXLOWDQGVWUHVVUHOLHYHGVDPSOHV1RȕSKDVHZDVGHWHFWHGE\7(0DQG;5'
7ZLQQLQJZDVREVHUYHGE\PHDQVRI7(0DQG^ ࡄ` WZLQQLQJSODQHZDVGHILQHG LQ WKHDVEXLOW DQGVWUHVV
UHOLHYHG VSHFLPHQV7ZLQQLQJZDV VXJJHVWHG WREH WKHPHFKDQLVP IRU LQ VLWX DFFRPPRGDWLRQRI WKHUPDO VWUHVVHV
GXULQJPDQXIDFWXULQJ
3RUH FRDOHVFHQFHZDV FRQILUPHG WREH WKHPDLQ FUDFN IRUPDWLRQPHFKDQLVPV LQ WKH ILQDO IUDFWXUHZLWK W\SLFDO
FXSDQGFRQH IUDFWXUH PRUSKRORJ\ 0LFUR&7 DQDO\VLV VKRZHG WKDW DYHUDJH SRURVLW\ GLG QRW H[FHHG 
GHQVLW\!3RUHVZHUHHYHQO\GLVWULEXWHGDQGPRVWO\KDGDQHORQJDWHGVKDSH3RUHFRDUVHQLQJDQGFRDOHVFHQFH
ZDVREVHUYHGLQDVEXLOWDQGVWUHVVUHOLHYHGVSHFLPHQVDVWKH\ZHUHSUHVWUDLQHGWRDQGUHVSHFWLYHO\
7KH XOWLPDWH WHQVLOH VWUHQJWK RI 03D DW D IUDFWXUH VWUDLQ RI ZDVREVHUYHG IRU WKH DVEXLOWPDWHULDO
$IWHU WKHKHDW WUHDWPHQWDW&GXULQJKVWUHQJWKGHFUHDVHG WR03DZKLOHGXFWLOLW\ LQFUHDVHG WR
WKDWFRPSOLHVZLWKWKHLQWHUQDWLRQDOVWDQGDUGIRUELRPHGLFDODSSOLFDWLRQV
$FNQRZOHGJHPHQWV
7KLVZRUNLVEDVHGRQWKHUHVHDUFKVXSSRUWHGE\WKH6RXWK$IULFDQ5HVHDUFK&KDLUV,QLWLDWLYHRIWKH'HSDUWPHQW
RI 6FLHQFH DQG 7HFKQRORJ\ DQG 1DWLRQDO 5HVHDUFK )RXQGDWLRQ RI 6RXWK $IULFD *UDQW ʋ DQG WKH
&ROODERUDWLYH3URJUDPLQ$GGLWLYH0DQXIDFWXULQJ&RQWUDFWʋ&6,51/&&3$002$&87
5HIHUHQFHV
%HHVH $0 &DUUROO %(  5HYLHZ RIPHFKDQLFDO SURSHUWLHV RI 7L$O9PDGH E\ ODVHUEDVHG DGGLWLYHPDQXIDFWXULQJ XVLQJ SRZGHU
IHHGVWRFN-20
%HQRLW 5% &D]DFX 2 )ODWHU 3 &KDQGROD 1 DQG $OYHV -/  8QXVXDO SODVWLF GHIRUPDWLRQ DQG GDPDJH IHDWXUHV LQ 7LWDQLXP
H[SHULPHQWDOWHVWVDQGFRQVWLWXWLYHPRGHOLQJ-RXUQDORIWKH0HFKDQLFVDQG3K\VLFVRI6ROLGV
%R\HU 5 :HOVFK * &ROOLQJV (  0DWHULDOV 3URSHUWLHV +DQGERRN 7LWDQLXP $OOR\V 0DWHULDOV 3DUN 2KLR $60 ,QWHUQDWLRQDO
7HFKQRORJ\	(QJLQHHULQJ
%ULWWRQ7%'XQQH)3(:LONLQVRQ$-2QWKHPHFKDQLVWLFEDVLVRIGHIRUPDWLRQDWWKHPLFURVFDOHLQKH[DJRQDOFORVHSDFNHGPHWDOV
3URFHHGLQJRI5R\DO6RFLHW\$
%XIILHUH -< 0DLUH ( $GULHQ - 0DVVH -3 DQG %ROOHU (  ,Q VLWX H[SHULPHQWV ZLWK ; UD\ WRPRJUDSK\ DQ DWWUDFWLYH WRRO IRU
H[SHULPHQWDOPHFKDQLFV([SHULPHQWDOPHFKDQLFVSS
'RQDFKLH0-7LWDQLXP$7HFKQLFDO*XLGHQG(G0DWHULDOV3DUN2KLR$60,QWHUQDWLRQDO7HFKQRORJ\	(QJLQHHULQJ
GX3OHVVLV$DQG5RVVRXZ3,QYHVWLJDWLRQRISRURVLW\FKDQJHV LQFDVW7L$O9URGVDIWHUKRW LVRVWDWLFSUHVVLQJ-RXUQDORI0DWHULDOV
(QJLQHHULQJDQG3HUIRUPDQFHSS
)DFFKLQL/0DJDOLQL(5RERWWL30ROLQDUL$+RJHV6:LVVHQEDFK.'XFWLOLW\RID7L$O9DOOR\SURGXFHGE\VHOHFWLYHODVHU
PHOWLQJRISUHDOOR\HGSRZGHUV5DSLG3URWRW\SLQJ-RXUQDO±
)UH\06KHOODEHDU07KRUVVRQ/0HFKDQLFDOWHVWLQJRI'0/6SDUWV(26ZKLWHSDSHU(26*PE+(OHFWUR2SWLFDO6\VWHPV0XQLFK
.DVSHURYLFK*+DXVPDQQ-,PSURYHPHQWRIIDWLJXHUHVLVWDQFHDQGGXFWLOLW\RI7L$O9SURFHVVHGE\VHOHFWLYHODVHUPHOWLQJ-RXUQDORI
0DWHULDOV3URFHVVLQJ7HFKQRORJ\±
.UDNKPDOHY3<DGURLWVDYD,)UHGULNVVRQ*<DGURLWVHY,,QVLWXKHDWWUHDWPHQWLQVHOHFWLYHODVHUPHOWHGPDUWHQVLWLF$,6,VWDLQOHVV
VWHHOV0DWHULDOV	'HVLJQ
.RLNH0*UHHU32ZHQ./LOO\*0XUU/(*D\WDQ600DUWLQH](2NDEH7(YDOXDWLRQRI7LWDQLXP$OOR\V)DEULFDWHG
8VLQJ5DSLG3URWRW\SLQJ7HFKQRORJLHV(OHFWURQ%HDP0HOWLQJDQG/DVHU%HDP0HOWLQJ0DWHULDOV
0DVNHU\,$ERXONKDLU17&RUILHOG057XFN&&ODUH$7/HDFK5.:LOGPDQ5'$VKFURIW,$+DJXH5-04XDQWLILFDWLRQ
DQGFKDUDFWHULVDWLRQRISRURVLW\LQVHOHFWLYHO\ODVHUPHOWHG$O±6L±0JXVLQJ;UD\FRPSXWHGWRPRJUDSK\0DWHULDOV&KDUDFWHUL]DWLRQ

0HUWHQV$5HJLQVWHU63D\GDV+&RQWUHSRLV4'RUPDO7/HPDLUH2/HFRPWH%HFNHUV-0HFKDQLFDOSURSHUWLHVRIDOOR\7L±
$O±9DQGRIVWDLQOHVVVWHHO/SURFHVVHGE\VHOHFWLYHODVHUPHOWLQJLQIOXHQFHRIRXWRIHTXLOLEULXPPLFURVWUXFWXUHV3RZGHU0HWDOOXUJ\

0LXUD+,WRK<8HDPWVX76DWR.7KHLQIOXHQFHRIGHQVLW\DQGR[\JHQFRQWHQWRQWKHPHFKDQLFDOSURSHUWLHVRILQMHFWLRQPROGHG
7L$O9DOOR\V$GYDQFHVLQ3RZGHU0HWDOOXUJ\DQG3DUWLFXODWH0DWHULDOV
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0XUU/(4XLQRQHV6$*D\WDQ60/RSH]0,5RGHOD$0DUWLQH](<+HUQDQGH]'+0DUWLQH](0HGLQD):LFNHU5%
0LFURVWUXFWXUHDQGPHFKDQLFDOEHKDYLRURI7L$O9SURGXFHGE\UDSLGOD\HUPDQXIDFWXULQJIRUELRPHGLFDODSSOLFDWLRQV-RXUQDORI
WKH0HFKDQLFDO%HKDYLRURI%LRPHGLFDO0DWHULDOV±
5DIL+19.DUWKLN+*RQJ7K/6WDUUDQG%(6WXFNHU0LFURVWUXFWXUHVDQGPHFKDQLFDOSURSHUWLHVRI7L$O9SDUWVIDEULFDWHGE\
VHOHFWLYHODVHUPHOWLQJDQGHOHFWURQEHDPPHOWLQJ-RXUQDORI0DWHULDOV(QJLQHHULQJDQG3HUIRUPDQFH±
6DOOLFD/HYD(&DUDP5-DUGLQL$/)RJDJQROR-%'XFWLOLW\LPSURYHPHQWGXHWRPDUWHQVLWHĮƍGHFRPSRVLWLRQLQSRURXV7L±$O±
9SDUWVSURGXFHGE\VHOHFWLYHODVHUPHOWLQJIRURUWKRSHGLFLPSODQWV-RXUQDORIWKH0HFKDQLFDO%HKDYLRURI%LRPHGLFDO0DWHULDOV

6LHQLDZVNL -=LDMD:.XELDN. DQG0RW\ND00LFURVWUXFWXUH DQG0HFKDQLFDO3URSHUWLHVRI+LJK6WUHQJWK7ZR3KDVH$OOR\V
7LWDQLXP$OOR\V$GYDQFHVLQ3URSHUWLHV&RQWURO,Q7HFKSS
6LPRQHOOL07VH<<7XFN&)XUWKHUXQGHUVWDQGLQJRI7L$O9VHOHFWLYHODVHUPHOWLQJXVLQJWH[WXUHDQDO\VLV-RXUQDORI3K\VLFV
&RQIHUHQFH6HULHV
7DPPDV:LOOLDPV6=KDRD+/pRQDUG)'HUJXWL)7RGG,3UDQJQHOO3%;&7DQDO\VLVRI WKH LQIOXHQFHRIPHOWVWUDWHJLHVRQ
GHIHFWSRSXODWLRQLQ7L±$O±9FRPSRQHQWVPDQXIDFWXUHGE\VHOHFWLYHHOHFWURQEHDPPHOWLQJ0DWHULDOV&KDUDFWHUL]DWLRQ±
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